Introduction
Precisely orchestrated communication between axons and Schwann cells is critical for normal peripheral nervous system development. Part of this communication comes from a family of alternatively spliced, neuron-derived growth and differentiation factors produced by the neuregulin1 (NRG1) gene. NRG1 has been shown to have multiple important functions in the development and maintenance of the peripheral nervous system with most attention on type III, membrane-bound forms that are critical for myelination Nave and Salzer, 2006; Mei and Xiong, 2008) . NRG1 isoforms are produced as transmembrane precursors (proNRG) that are subsequently proteolytically cleaved to both soluble and membrane-bound proteins (Falls, 2003) . All isoforms have an EGF-like domain that is essential for erbB receptor activation. Although type III (CRD-NRG1) forms remain tethered to the axonal membrane through a hydrophobic N-terminal cysteine-rich domain (CRD), types I and II forms (HBD-NRG1) are secreted (Loeb and Fischbach, 1995) . These soluble forms have a unique N-terminal, positively charged heparin-binding domain (HBD) that targets them to cell surfaces rich in developmentally expressed heparan sulfate proteoglycans (HSPGs) (Loeb et al., 1999 (Loeb et al., , 2002 Li et al., 2004a; Pankonin et al., 2005) .
Evidence from both in vitro and in vivo studies has suggested important roles of NRG1 in Schwann cell development (Jessen and Mirsky, 2005; Birchmeier and Nave, 2008) . Although soluble NRG1 can rescue Schwann cells from both normal occurring and nerve injury-induced apoptosis in vivo (Kopp et al., 1997; Winseck et al., 2002; Winseck and Oppenheim, 2006) , the precise, developmentally specific roles of endogenous soluble NRG1 in regulating early Schwann cell development are still not clear.
Knocking out all NRG1 isoforms or their erbB2/3 receptors results in the almost complete loss of Schwann cells, followed by the death of motor and sensory neurons, suggesting that Schwann cells provide critical trophic support to neurons (Meyer and Birchmeier, 1995; Riethmacher et al., 1997; Woldeyesus et al., 1999) . Because neuronal survival is mediated in part by Schwann-cell-secreted neurotrophic factors, including brainderived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) Garratt et al., 2000) , it seems reasonable to postulate a bidirectional signaling network between NRG1 and neurotrophic factors at the axon-Schwann cell interface. We have found that Schwann-cell-derived neurotrophic factors, including BDNF and GDNF, promote the rapid release of soluble NRG1 from both motor and sensory axons (Esper and Loeb, 2004) . We have also found that neurotrophic factors produced by postsynaptic muscles at neuromuscular junctions promote activity-dependent soluble NRG1 release (Loeb et al., 2002) . Here we provide additional in vivo evidence that endogenous BDNF signaling through axonal trkB receptors promotes a stage-dependent release of soluble NRG1 from axons to Schwann cells. We demonstrate that the release of soluble NRG1 is critical for the survival of Schwann cell precursors (SCPs) as well as their differentiation into immature Schwann cells. This localized, regulatory feedback loop between soluble NRG1 and neurotrophins may not only be important for axoglial communication but may also be helpful in understanding nervous system diseases that involve the axoglial interface.
Materials and Methods
Chick eggs and in ovo treatment. Fertilized chicken eggs were obtained from Michigan State University Poultry Farms and incubated in a Kuhl rocking incubator at 50% humidity. Daily treatments of recombinant human NRG1-␤1 extracellular domain (amino acids 2-246; catalog #377-HB; R & D Systems), recombinant human BDNF (amino acids 129 -247; catalog #248-BD; R & D Systems), or the recombinant NRG1 antagonist (HBD-S-H4) on chick embryos were performed as described previously (Loeb et al., 2002; Winseck et al., 2002; Ma et al., 2009 ). In brief, 5 g of NRG1, 1 g of BDNF, and 10 or 20 g of HBD-S-H4 were each prepared in saline containing 0.2% BSA and added onto the chorioallantoic membrane through a small hole in the air sac without damaging underlying blood vessels for 2 consecutive days. Staging of chick embryos was determined according to Hamburger-Hamilton (HH) stage series (Hamburger and Hamilton, 1951) (Klein et al., 1993) . Homozygous timed-pregnant mutant embryos of either sex were obtained by heterozygous mating and harvested at E12.5 or E13.5 (the day when the vaginal plug was observed is designated as embryonic day 0). Four to five separate litters were collected at each stage. Mouse embryo experiments were performed with approval of Institutional Animal Care and Use Committee at Wayne State University.
Chick in ovo electroporation and shRNA knockdown. Type I proNRG␤1a cDNA with a myc tag at the C terminus was subcloned into the pMES vector downstream from the chick ␤-actin promoter with IRES-EGFP (Krull, 2004) . shRNA for the heparin-binding domain of chick NRG1 and chick trkB were designed and cloned into the pSilencer 1.0-U6 expression vector (Ambion) according to the instructions of the manufacturer. Three shRNAs against different regions of each cDNA were tested, and the shRNA with the best efficacy in vitro was selected for in ovo electroporation. The target sequence selected for chick HBD of soluble NRG1 was AAGCTAGTGCTAAGGTGTGAA and for chick trkB was AAGGAGCTATATTGAATGAGT. The pCAX vector expressing EGFP was used for coelectroporation with other plasmids to visualize electroporated cells. The final concentration of each plasmid was 3 g/l (George et al., 2007) . The plasmid DNA was electroporated unilaterally into the ventral part of the neural tube at the lumbar level at E2.5 (HH stage 15-16) as described previously (Eberhart et al., 2002) . Electrodes were placed ventrodorsal across the neural tube and pulsed for five times at 35 V for 50 ms with a square-wave pulse generator (Intracept TSS10; Intracel). Embryos were collected from E5 to E7, and only those with strong GFP expression were processed for additional analysis.
Immunostaining, TUNEL, and BrdU. Chicken and mouse embryos were fixed with fresh 4% paraformaldehyde overnight. Embryos were then equilibrated in 30% sucrose after rinsing quickly with PBS and mounted in OCT (Tissue-Tek). Frozen sections were cut transversely at 14 m and placed on Superfrost slides (Thermo Fisher Scientific). Immunofluorescence was performed at the lumbar level as described previously (Loeb et al., 1999; Ma et al., 2009 ). Sections were incubated with antibodies at the following dilutions: chicken soluble NRG1 ectodomain (1:200; 183N, rabbit polyclonal) (Loeb et al., 1999) ; P0 (1:5; 1E8), AP2␣ (1:10; 3B5), BrdU (1:100; G3G4), and neurofilament (1:10; 3A10) (Developmental Studies Hybridoma Bank, University of Iowa); GFP (1:100; ab6662) and p75 (1:100; ab70481) (Abcam); myc tag (1:100; 2272; Cell Signaling Technology); and trkB (1:200; sc-12; Santa Cruz Biotechnology). Sections were incubated with antibodies in blocking solution (10% normal goat serum, 0.2% Triton X-100 in PBS) overnight at 4°C, followed by incubation with the corresponding goat anti-mouse or antirabbit IgG Alexa Fluor antibodies (1:250; Invitrogen) for visualization. O4 (1:100; MAB345; Millipore) and the trkB antibody were prepared in a blocking solution containing 5% fetal bovine serum in PBS, and, after overnight incubation, goat anti-mouse IgM secondary antibody was used for O4 detection. For BrdU staining, chick embryos were given 10 g of BrdU through the air sac for 3 h before harvest. Sections were pretreated with 2N HCl to denature DNA for the exposure of BrdU antigen, followed by incubation with blocking solution for 1 h. TUNEL assays were performed with the in situ cell death TMR kit (Roche) following the instructions of the manufacturer (Ma et al., 2009) . Some sections were first treated with 1 M NaCl/PBS at 37°C for 90 min as described previously to disrupt ionic interactions between NRG1 and HSPGs (Loeb et al., 1999) .
shRNA testing. 10 5 COS7 cells were seeded in each well of eight-well chamber slides (BD Biosciences) and cotransfected with type I proNRG1 and EGFP cloned in the pTriex vector (Novagen) together with a given shRNA in pSilencer vector using Lipofectamine 2000 (Invitrogen). The next day, cells were fixed in 4% paraformaldehyde for 30 min and stained for NRG1 (1:100; sc-348; Santa Cruz Biotechnology) as described above. Nuclei were counterstained using 4Ј,6-diamidino-2-phenylindole (DAPI).
Immunoblotting and quantitative real-time PCR. Spinal cords were harvested from BDNF/saline-treated chick embryos or electroporated embryos at E5.5 (HH stage 27) and then processed for protein or RNA extraction. A 5-to 6-somite-long segment at the lumbar level with high levels of GFP expression was isolated from each embryo as described previously (Liu, 2006) , and total protein was extracted separately from the electroporated and control sides, using RIPA lysis and extraction buffer containing 25 mM Tris, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and protease inhibitors (Thermo Fisher Scientific). Protein samples from three animals were used for immunoblotting using antibodies at the following dilutions: NRG1 (1:500; sc-348; Santa Cruz Biotechnology), ␤-actin (1:1000; A5441; Sigma), neurofilament (1:2000; AB1987; Millipore), and GFP (1:2500; ab6556; Abcam). SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) was used for signal detection, and each blot was stripped and reprobed with different antibodies. COS7 cells after transfection were harvested by passive lysis buffer (Promega), and sc-348 antibody was used to detect the expression of exogenous NRG1 (this will detect all forms of NRG1 with a cytoplasmic tail). Quantification of band intensity was performed using MetaMorph image analysis software (Universal Imaging Corporation) as described previously (Li and Loeb, 2001; Esper and Loeb, 2004) .
For quantitative RT-PCR, total RNA from chick spinal cords after in ovo treatment or electroporation was collected using the RNeasy kit (Qiagen). SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) was used for reverse transcription. Chick HBD-NRG1 transcripts (types I and II) were detected by using the following oligonucleotides directed at the HBD: forward, 5Ј-GACGGACGTCAACAGCAGTTAC; reverse, 5Ј-CAACCTCT-TGGTTTTTCATTTCCT; and taqman probe, 6FAM-ACACAGTGC-CTCCC. For detecting CRD-NRG1 (type III) transcripts, the following primers were used: forward, 5Ј-ACGGCATCTCAGGCACAAG; reverse, 5Ј-AAGTGGAAAGTTTTGGAGCAGTTT; and taqman probe, 6FAM-AACAGAAACCAATCTC (Applied Biosystems). Chicken glyceraldehyde-3-phosphate dehydrogenase (Gg03346990_g1; Applied Biosystems) was used for normalization. Quantitative PCR data were collected from five biological replicates, and ⌬⌬Ct was used for calculations.
Imaging and quantitative analysis. Digital fluorescent images were obtained with a Nikon Eclipse 600 epifluorescence microscope. Confocal stacks of images were acquired from 14-m-thick sections with a z-step of 1.05 m using a D-Eclipse C1 confocal system (Nikon), and all representative images are shown as single confocal planes for more precise determination of colocalization. At least five sections for each animal (total five animals) were used for each embryonic stage. MetaMorph image analysis software (Molecular Devices) was used to quantify colocalization. Quantification of TUNEL-positive Schwann cell nuclei was performed as described previously (Ma et al., 2009 ). Twelve to 20 sections (ϳ1500 Schwann cell nuclei) at the lumbar level were used to analyze each condition in each animal. shRNA knockdown of trkB was quantified by measuring the intensity of trkB staining divided by the total cell number in the ventral horn that were counted by DAPI staining. At this stage of development, the ventral horn consists almost entirely of motor neurons. Statistical significance was defined as p Ͻ 0.05 using either a one-way ANOVA or a two-tailed Student's t test. All data are presented as the mean Ϯ SEM.
Results

Soluble, matrix-bound NRG1 transitions from axons to Schwann cells
Once released from neurons, soluble forms of NRG1 adhere to heparan sulfate-rich surfaces through the developmental expression of HSPGs (Loeb et al., 1999) . To examine the spatial distribution of soluble NRG1 during early chick axon-glial The percentage of pixel overlapping between NRG1 immunoreactivity and Schwann cells (C) (n ϭ 9, 9, 5 for each stage, respectively) or axons (D) (n ϭ 7, 4, 4 for each stage, respectively) was measured in the ventral root (*p Ͻ 0.0001 for E5 vs E6). E, Matrix-bound soluble NRG1 signal (green) was dramatically reduced after high-salt (1 M NaCl) treatment compared with a PBS control at E6, whereas axon immunoreactivity (red) was intact. Scale bar, 50 m.
interactions in the ventral nerve root, we performed confocal microscopy using specific antibodies against the extracellular domain of soluble type I/II NRG1 together with either Schwann cell (P0 protein) (Bhattacharyya et al., 1991) or axonal (neurofilament) markers from E5 to E7 (Fig. 1) . Although at E5 soluble NRG1 is concentrated along motor axons and is not associated with Schwann cells, between E6 and E7, NRG1 becomes progressively localized to Schwann cells (Fig. 1 A, B) . Quantitative analysis shows that colocalization of NRG1 immunoreactivity on Schwann cells significantly increases from 25 to 75% between E5 and E7 (Fig. 1C) , with a corresponding decrease in NRG1 axonal localization (Fig. 1 D) . To show that the NRG1 immunoreactivity seen is indeed attributable to soluble forms of NRG1 bound to the ECM, we used high-salt treatment to disrupt NRG-HSPGs ionic interactions (Fig. 1 E) (Loeb et al., 1999) . This treatment significantly reduced soluble NRG1 immunoreactivity, suggesting that the protein is bound to developmentally expressed heparan sulfates along both axons and Schwann cells.
Soluble NRG1 regulates Schwann cell survival in vivo
During early peripheral nerve development, an excess number of Schwann cells are born than are ultimately needed, and their survival has been shown to depend on axon-derived NRG1 signaling both in vitro and in vivo during normal development and after axon denervation (Dong et al., 1995; Wolpowitz et al., 2000; Winseck et al., 2002) . To investigate additional soluble NRG1 function on Schwann cell survival during this transition of NRG1 from axonal to Schwann cell surfaces, we used a novel NRG1 antagonist (HBD-S-H4) that specifically targets the heparan sulfaterich surfaces that NRG1 binds (Ma et al., 2009) (Fig. 2 A, B) . This is achieved by fusing the heparin-binding domain of NRG1 to a soluble "decoy" erbB4 receptor with high affinity for the EGF-like domain of NRG1. Treatment with this antagonist results in a dose-dependent increase in Schwann cell death at E7 along both motor and sensory axons. Consistent with previous studies (Winseck et al., 2002) , exogenous soluble NRG1 significantly rescues normal-occurring Schwann cell death at both E5 and E6 (Fig. 2C) .
To be certain that these survival effects are attributable to endogenous type I/II NRG1 isoforms, we used chick in ovo electroporation to downregulate only soluble NRG1 isoforms in motor neurons using an HBD-specific shRNA that effectively reduces NRG1 expression at protein level by Ͼ95% in vitro (Fig.  3 A, B) . Lumbar ventral spinal cord regions electroporated with this shRNA, together with a plasmid expressing GFP for localization, were compared with the contralateral side without GFP expression (Fig. 3C) . Knocking down endogenous soluble NRG1 significantly increased Schwann cell death at E7 (Fig. 3E ). In contrast, overexpression of full-length type I NRG1 with a C-terminal myc tag in motor neurons rescued Schwann cells from apoptosis at E6 but not E5 (Fig. 3F ) . Overexpression of NRG1 was confirmed by myc-tag staining at the electroporated side (Fig. 3D ). These results demonstrate that axon-derived, soluble NRG1 isoforms mediate Schwann cell survival in vivo in a stage-dependent manner that parallels the expression of developmentally timed NRG1 deposition on Schwann cells.
Soluble NRG1 promotes differentiation of Schwann cell precursors to immature Schwann cells
SCPs differentiate into immature Schwann cells that elongate along axons and can then further differentiate into myelinating or nonmyelinating Schwann cells, depending on instructions provided by the axon (Taveggia et al., 2005) . Although type III NRG1 forms contribute to Schwann cell development in vivo (Wolpowitz et al., 2000) , they are not essential for Schwann cell survival and early differentiation, suggesting a role for other types of NRG1. Previous in vitro studies have shown that SCP survival is more critically dependent on soluble NRG1 signaling than are immature Schwann cells (Jessen and Mirsky, 2005) . Given that peak Schwann cell death occurs at E5-E6 in the chick (Ciutat et al., 1996) , it seems likely that the in vivo survival effects we and others have observed with NRG1 are on SCPs rather than on immature Schwann cells. To confirm this, we measured the transition of SCPs to immature Schwann cells from E4 to E7. Al- Figure 2 . NRG1 signaling promotes Schwann cell survival in vivo. A, A significant increase in TUNEL-positive cells (red, arrows) were detected in motor axons after treatment with a targeted NRG1 antagonist compared with a saline control (Schwann cells, green; DAPI-stained nuclei, blue). Scale bar, 50 m. B, Dose-dependent increase in apoptotic Schwann cells treated with the antagonist in both motor and sensory axons (n ϭ 7, 6, 7 for each condition, respectively; **p Ͻ 0.0001 for both axon regions using one-way ANOVA). C, Addition of soluble type I NRG1 rescues Schwann cells from cell death at both E5 and E6 (n ϭ 4 for each stage; *p Ͻ 0.001, **p Ͻ 0.0001, for saline vs NRG1 treatment). though AP2␣, a transcription factor marker for SCPs (Jessen and Mirsky, 2005) , was downregulated in motor axon Schwann cells between E4 and E7, it remained highly expressed in the DRG Schwann cells that mature more slowly (Fig. 4 A) . S100␤ is often used as a marker of immature Schwann cells in other species, but in the chick embryo, it is not expressed until E13 when the myelination process is initiated (Bhattacharyya et al., 1992) . We therefore used an antibody against the lipid antigen O4 as a marker for immature Schwann cell differentiation (Dong et al., 1999) . Figure 4 A shows that O4 expression turns on rather abruptly in Schwann cells of motor axons at E7, suggesting that the normal transition of SCPs to Schwann cells occurs between E6 and E7. When we blocked NRG1 activity using the targeted NRG1 antagonist between E5 and E6, O4 expression at E7 was prevented in both motor and sensory axons, whereas AP2␣ expression was not affected (Fig. 4 B) . These findings suggest that soluble NRG1 signaling is not only critical for SCP survival but also for their differentiation into immature Schwann cells.
Soluble NRG1 was formerly called glial growth factor because of its strong mitogenic effect on Schwann cells in vitro (Dong et al., 1995; Morrissey et al., 1995) . However, its effects on proliferation in vivo are less clear, with some data suggesting antiproliferative effects that are stage dependent (Winseck et al., 2002) . We therefore next measured Schwann cell proliferation in the presence and absence of the NRG1 antagonist using BrdU labeling. The density of BrdU-positive Schwann cells along mo- Figure 3 . Implication of soluble NRG1 isoforms for Schwann cell survival. A, Efficacy of shRNA in downregulating soluble NRG1 in COS7 cells was measured by cotransfection of full-length NRG1 type I (proNRG1) together with an shRNA-HBD specific for the heparin-binding domain of NRG1. Both no shRNA and a scrambled shRNA (shRNA-con) were used as controls. Transfection efficiency was tracked by GFP (green) expression from a third plasmid. DAPI stains cell nuclei (blue). Scale bar, 50 m. B, proNRG1 expression in COS7 cell lysates was significantly reduced, with shRNA-HBD transfection showing both the uncleaved (ϳ75 kDa) and the cleaved (cytoplasmic tail) fragment (ϳ50 kDa) of proNRG1 by immunoblot analysis. C, In ovo electroporation shows selective expression of GFP (green) in the ventral spinal cord of the electroporated side (EP) as well as in the exiting motor axons surrounded by Schwann cells (red) that are also shown at the contralateral side (CON). DAPI stains cell nuclei (blue). Scale bar, 50 m. D, Overexpression of NRG1 in ventral spinal cord in vivo using a C-terminal myc-tagged proNRG1 shows myc expression in GFP-positive cells. Scale bar, 20 m. E, Increased number of apoptotic Schwann cells was seen at E7 after electroporation with shRNA-HBD compared with shRNA-con or GFP alone (n ϭ 7, 4, 6 for each condition, respectively; **p Ͻ 0.0005, for shRNA-HBD vs control or shRNA-con). F, Overexpression of proNRG1 in motor axons significantly promotes Schwann cell survival at E6 but not at E5 or control (pMES empty vector alone) (n ϭ 4, 6, 4 for each condition, respectively; *p Ͻ 0.005, for proNRG1 at E6 vs vector control; **p Ͻ 0.0005, for proNRG1 at E6 vs E5).
tor axons in E7 animals treated with the antagonist from E5 to E6 in fact is slightly increased, suggesting that NRG1 has a much stronger differentiation rather than proliferation effect on SCPs in vivo (Fig. 4C,D) . This small increase in proliferation rate could be simply attributable to the presence of more SCPs, even in the presence of increased apoptosis. Thus, when NRG1-induced differentiation is disrupted, proliferation is higher from these more mitogenically active SCPs.
Axonal trkB signaling regulates Schwann cell survival through localized soluble NRG1 release
The results above suggest that the number of Schwann cells that survive and differentiate is directly regulated by the amount of soluble NRG1 released during this critical period of development, producing a precise matching of Schwann cells needed for each axonal segment. One way for this matching process to occur is through Schwann-cell-derived factors that regulate NRG1 release from axons. We have shown previously that Schwann-cell-derived neurotrophic factors, including BDNF and GDNF, promote the rapid release of soluble NRG1 from both motor and sensory axons (Esper and Loeb, 2004) . To explore the possibility that BDNF/trkB signaling indirectly modulates Schwann cell survival in vivo by promoting the release of soluble NRG1 from axons, we treated embryos with exogenous BDNF. As shown in Figure 5A , this treatment significantly promoted SCP survival at E5. To determine whether this BDNF effect was on axons versus Schwann cells, we determined the location of trkB and p75 receptors (low-affinity receptor) in the developing nerve by confocal microscopy (Figs. 5C,D) . We found that BDNF receptors trkB and p75 are localized specifically on axons, not Schwann cells. When we downregulated type I/II NRG1 by electroporation, BDNF no longer demonstrated any survival effects (Fig. 5B) , suggesting that BDNF regulates Schwann cell survival indirectly through promoting the axonal release of soluble NRG1.
To investigate further as to whether endogenous trkB signaling is required, we examined the effect of disrupting axonal trkB signaling on Schwann cell survival by shRNA in ovo electroporation in the chick as well in trkB knock-out mice. In the electroporation experiments, the opposite side of the spinal cord and GFP electroporation alone were used as controls (Fig. 6A) . The shRNA against chick trkB produced a significant reduction of trkB immunoreactivity in GFP-positive cells in the ventral horn (Fig. 6A,B ) and was associated with an increase in Schwann cell death at E7. This effect could be rescued with exogenous soluble NRG1 (Fig. 6C) , suggesting that endogenous axonal trkB signaling supports Schwann cell survival through axon-derived soluble NRG1.
Because shRNA knockdowns are never 100% complete, we also examined the effect of the complete absence of trkB at E13.5 in trkB knock-out mice. Knock-out mice show a significant increase of Schwann cell apoptosis at lumbar level motor axons compared with wild-type littermates (Fig. 7 A, B) . E13.5 in the mouse corresponds to the same stage in the chick at which the SCP-immature Schwann cell transition occurs (E13-E15) (Jessen and Mirsky, 2005) . Before this transition, at E12.5, we found no significant difference in Schwann cell death (data not shown), suggesting that Schwann cell survival during this important transition period is selectively regulated by trkB signaling. Together, these results support the presence of a positive feedback loop mediated by local signaling of Schwann- cell-derived BDNF on axonal trkB that promotes NRG1 release from axons that, in turn, leads to the survival of properly positioned Schwann cells.
Modulation of BDNF signaling has no effect on NRG1 expression in motor neurons
The above results suggest that BDNF-trkB signaling regulates Schwann cell survival by promoting the localized release of soluble NRG1 forms but cannot rule out additional effects of neurotrophic factor signaling on NRG1 synthesis (Loeb and Fischbach, 1997) . To determine whether BDNF-trkB signaling in vivo also affects NRG1 mRNA and protein levels in motor neurons, we compared NRG1 expression [both HBD (type I/II) and CRD (type III) forms] after either BDNF treatment or electroporation with shRNA-trkB. Neither BDNF treatment nor trkB knockdown significantly changed NRG1 expression in the spinal cord at both the mRNA and protein levels (Fig. 8 A-F ) , suggesting that BDNF-trkB signaling is working locally at the axoglial interface to modulate the release of NRG1 in vivo.
Discussion
An axoglial feedback loop between soluble NRG1 and BDNF/TrkB signaling Although there are extensive in vitro and in vivo studies that implicate both neuronally derived NRG1 and neurotrophic factor signaling in Schwann cell development and myelination (Chan et al., 2001; Cosgaya et al., 2002; Ng et al., 2007) , here we have linked these two areas together, providing in vivo evidence for a positive feedback loop between axonal NRG1 and Schwann-cell-derived neurotrophins, such as BDNF. Figure 9 builds a developmental, stage-dependent model of Schwann cell development that incorporates our findings together with other known roles of NRG1 from the literature. In this study, we have shown that endogenous BDNF signaling through axonal trkB receptors regulates SCP survival and differentiation indirectly through modulating the amount of soluble NRG1 released at the axon-glial interface. This is consistent with our previous observations showing that BDNF and other neurotrophic factors rapidly promote soluble NRG1 release from axons in vitro through protein kinase C␦-induced phosphorylation on the cytoplasmic tail of proNRG1 (Esper and Loeb, 2004; Esper and Loeb, 2009 ). This reciprocal regulatory pathway is stage dependent and occurs after the period of maximal naturally occurring SCP death at E5.5. A key advantage of this localized communication system is that it does not require communication back to the motor neuron cell body to optimize axoglial interactions. Consistently, we found that the modulation of BDNF-trkB signaling did not change NRG1 mRNA or protein expression in the spinal cord. SCPs that survive from programmed cell death, differentiate into immature Schwann cells, and receive sustained NRG1 signaling through the deposition of developmentally regulated HSPGs on their cell surface (Fig. 9) . At later developmental stages, those axons that produce sufficient levels of the type III, membranebound NRG1 isoforms are then used required to promote axonal myelination (Taveggia et al., 2005) .
The need for multiple splice variants of NRG1 in developing axons
The NRG1 gene is perhaps one of the largest and most complex growth factor signaling genes by virtue of the multiplicity of its alternatively spliced forms (Falls, 2003) . A given neuron can express both membrane-bound (type III) as well as secreted forms (types I/II). Here, we demonstrate that soluble forms of NRG1 are needed at specific developmental stages, depending on the spatial relationship of axons and glia. All known secreted forms of NRG have an HBD, which significantly augments NRG1 activity and tissue-specific localization through targeting HSPGs (Loeb et al., 1999; Li and Loeb, 2001; Pankonin et al., 2005; and are expressed in spinal cord motor neurons and dorsal root ganglia sensory neurons very early in embryonic development (Meyer et al., 1997; Loeb et al., 1999) . For the developing peripheral nerve, soluble forms of NRG1 are initially adherent to axons. SCPs that are close enough to those axons receive sufficient soluble NRG1 and survive to become immature Schwann cells. At E6, NRG1 signaling to developing Schwann cells is stabilized through an accumulation of matrix-bound NRG1. A similar role for soluble NRG1 has been proposed for neuromuscular junction development, in which presynaptically released soluble NRG1 can promote postsynaptic AChR expression (Sandrock et al., 1997) . Once synapses have matured and passed the competitive survival stage of synapse elimination, NRG1 becomes highly concentrated in the synaptic basal lamina through the concentration of agrin and other HSPGs in the basal lamina factors (Li and Loeb, 2001; Loeb et al., 2002; Li et al., 2004a) . This process also appears to be controlled by a feedback loop between presynaptic NRG1 and postsynaptic neurotrophic factors.
Part of the complexity in understanding the functions of various alternatively spliced forms of NRG1 during development comes from having many diverse roles at many different stages. The chick system has a unique advantage that enables the modulation of specific forms of NRG1 in specific regions at specific stages of development. Knock-out studies in mice, although sometimes more difficult to interpret, have also lead to significant insights. Knocking out all NRG1 isoforms and their receptors leads to a dramatic loss of neural crest cell-derived Schwann cell precursors and the deficiency of sympathetic gangliogenesis (Meyer and Birchmeier, 1995; Meyer et al., 1997; Morris et al., 1999; Woldeyesus et al., 1999) . In contrast, mice specifically deficient in the type III NRG1 isoform show a milder phenotype with the presence of a reduced number of SCPs that still differentiate to Schwann cells and line up along growing axons (Wolpowitz et al., 2000) . This finding supports our observations here that type I/II NRG1 forms are needed for SCP survival and differentiation. Other studies have also indirectly implicated the importance of soluble NRG1 in the initial development of the sympathetic nervous system and the induction of muscle spindle differentiation (Britsch et al., 1998; Hippenmeyer et al., 2002) .
NRG1 signaling as a differentiation factor but not a mitogen for early Schwann cell development
Our findings suggest a dual role for NRG1 for both survival and differentiation of SCPs. Perhaps one of the most dramatic findings of our targeted NRG1 antagonist was the complete inhibition of O4 expression as a marker of immature Schwann cell Figure 6 . Axonal trkB signaling promotes Schwann cell survival through soluble NRG1. A, Electroporation (EP) of an shRNA against trkB together with GFP reduced trkB staining (red) in the ventral horn (circle), relative to both the contralateral side of the spinal cord (CON) and GFP electroporation alone. DAPI staining shows cell nuclei (blue). Scale bar, 50 m. B, Quantification of the ratio of relative trkB fluorescence between the electroporated versus control side of the spinal cords shows that the shRNA-trkB knocked down trkB expression by 60% per cell in the ventral horn (n ϭ 5, 3 for each group, respectively; *p Ͻ 0.005). C, Although Schwann cell death at E7 significantly increased after knocking down trkB, adding back soluble NRG1 to these embryos rescued Schwann cells on both electroporated and control sides (n ϭ 3, 7, 6 for each group, respectively; *p Ͻ 0.02, for CON side of shRNA-trkB vs shRNA-trkB plus NRG1; **p Ͻ 0.0005, for EP side of shRNA-trkB vs shRNA-trkB plus NRG1 and vs CON side of shRNA-trkB). differentiation. This effect on differentiation is consistent with previous in vitro experiments showing NRG1 signaling accelerates the SCP-Schwann cell transition (Brennan et al., 2000) . The downregulation of AP2␣, a marker of SCPs, was not affected with the NRG1 antagonist, suggesting that SCP differentiation to immature Schwann cells is regulated by multiple steps and that NRG1 does not appear to be required for its downregulation.
Given the known mitogentic effects of NRG1 on cultured Schwann cells (Dong et al., 1995) , one surprising result was from BrdU experiments showing that, during the transition of SCPs to immature Schwann cells, NRG1 is anti-proliferative. Treatment with the NRG1 antagonist in fact produced an increase, rather than a decrease, in Schwann cell proliferation in the developing nerve. The increased proliferation may have been an indirect effect of the strong anti-differentiation effect of the antagonist, leading to higher numbers of proliferating SCPs. The cancer literature similarly shows both proliferation and differentiation effects of NRG1 on breast epithelial cells that vary as a function of their level of malignant transformation. For example, as breast epithelial cells become more malignant, NRG1 signaling changes from an anti-proliferative to a proliferative effect (Li et al., 2004b) .
Effect of soluble NRG1 on myelination, nerve injury, and the potential therapeutic use of a targeted NRG1 antagonist Because type III NRG1 remains membrane bound, even after proteolytic cleavage from its precursor (Wang et al., 2001) , it is ideally positioned to determine the ensheathment fate of axons and regulate myelin sheath thickness in peripheral nerves (Michailov et al., 2004; Taveggia et al., 2005) . Interestingly, although high concentrations of soluble NRG1 inhibit Schwann cell myelination, low concentrations that switch from Erk to phosphatidylinositol 3-kinase-Akt activation actually promote myelination (Zanazzi et al., 2001; Syed et al., 2010) . Furthermore, it has recently been suggested that, once the peripheral nerve forms, NRG1 is dispensable under normal conditions but critical for nerve repair after injury (Fricker et al., 2011) . Together, these studies suggest that factors that modify the localization and concentration of NRG1 can dramatically alter the biological functions of the ligand. Control of NRG1 signaling through both alternative splicing of membrane-bound and secreted forms, the expression patterns of adherent HSPGS, and local gradients of neurotrophic factors from surrounding cells can thus fine tune NRG1 signaling to achieve its many goals in both development and in disease.
Understanding these variables could have important therapeutic implications in human diseases at the axoglial interface such as peripheral neuropathy and demyelinating disorders (Loeb, 2007) . Along these lines, although in some disease situa- Figure 8 . NRG1 isoform expression in spinal cord is not significantly affected by BDNF-trkB signaling in vivo. A, qPCR showed no significant changes in spinal cord mRNA levels for both type I HBD-NRG1 and type III CRD-NRG1 at HH stage 27 after BDNF treatment (n ϭ 5 for each group). B, C, NRG1 protein was also unchanged after BDNF treatment by Western blot. Quantification of the bands ranging from 50 to 150 kDa was done by normalization to actin after reprobing (n ϭ 3, for each group). D, After electroporation with shRNA-trkB, the EP and CON side of lumbar level spinal cord were isolated based on GFP expression. mRNA levels for both HBD-NRG1 and CRD-NRG1 were unchanged by qPCR (n ϭ 5). E, F, NRG1 protein expression was also unchanged by Western blot and quantified as described above (n ϭ 3) with normalization to both actin and neurofilament (NF). Reprobing with a GFP antibody shows the presence of GFP expression only in the electroporated side. EP, Electroporation; CON, control. Figure 9 . A stage-dependent model for axoglial NRG1 signaling. From E5 to E7 in chick embryos, SCP survival is dependent on a concentration gradient of soluble NRG1 that can be increased at local axon segments through axonal trkB receptor activation (the red spheres represent the heparin-binding domain, and the blue spheres are the EGF-like domain of type I/II NRG1). Those SCPs that do not receive sufficient levels of NRG1 undergo apoptosis. Those that survive require additional NRG1 signaling to differentiate into immature Schwann cells. The immature Schwann cells turn on the expression of cell-surface HSPGs (dashed lines) that act as a "sink" for heparin-binding forms of NRG1, which in turn provides sustained NRG1 signaling at E7. Later, the ensheathment fate (myelination) of axons at E14 requires type III CRD-NRG1.
tions it may be advantageous to increase NRG1 signaling, in others, NRG1 signaling may be detrimental and needs to be blocked. In fact, the NRG1 antagonist we used in this study has been shown to block NRG1-induced microglial activation and the development of chronic pain after peripheral nerve injury (Calvo et al., 2010 (Calvo et al., , 2011 .
